The mechanisms that impair myocardial relaxation during ischemia are believed to involve abnormalities of calcium handling. However, there is little direct evidence to support this hypothesis. Therefore, we sought to determine whether the time constant of cytosolic calcium (ICa"2+I) decline (Tc,) was increased during low flow ischemia, and if there was a relationship between the time constant of left ventricular pressure decline (Tp) and Tc. Isolated perfused hearts were studied using indo-1 fluorescence ratio as an index of ICa2 "IcJ. Tp was used as an index of myocardial relaxation. The time constant of decline of the indo-1 ratio increased from 74±5 ms to 95±4, 144±10, and to 204±16 ms when coronary flow was reduced was reduced to 50, 20, and 10% of control, respectively. Indo-1 transients were calibrated to calculate Tc.a-Tc. increased from 67±6 ms to 108±9 and 158±19 ms when coronary flow was reduced to 20 and 10% of control, respectively. There was a linear relationship between rca and Tp (r = 0.82). These data support the hypothesis that during low flow ischemia, impaired myocardial relaxation may be caused by slowing of ICa2"Ic decline. (J.
Introduction
The ability of the left ventricle to pump blood depends on a complex interaction between systolic contraction and diastolic filling. The effects of myocardial ischemia on systolic contraction have been appreciated for many years. However, the importance of diastolic dysfunction in the pathophysiology of ischemic syndromes has only been recognized more recently (1) .
A major manifestation ofdiastolic dysfunction during ischemia is impaired myocardial relaxation. The most reliable and least load-dependent index ofmyocardial relaxation is the time constant of left ventricular pressure decline (Tp)I (2) (3) (4) . Several studies have documented an increase of rp during ischemia in a variety of experimental preparations (5) (6) (7) (8) (9) and patients with coronary artery disease (10) (11) (12) .
The mechanisms that impair myocardial relaxation during ischemia are believed to involve abnormalities in calcium handling. Calcium is removed from the cytosol into the sarcoplasmic reticulum and extracellular space against steep electrochemical and concentration gradients (13, 14) . Therefore, it has been postulated that the metabolic consequences of ischemia may impair these processes and result in prolonged myocardial relaxation (13, 15, 16 (17) found no change in [Ca2+ ]c decline (measured by indo-I fluorescence) during hypoxia in isolated myocytes. In contrast, other investigators (18) found an increase in the time to 50% [Ca2+]c decline (measured by aequorin) in isolated ferret papillary muscle exposed to hypoxia. However, these studies of hypoxia, performed in isolated cardiac cells and papillary muscles, may not be directly applicable to the clinical situation of myocardial ischemia in whole hearts.
Recently, investigators have monitored [Ca2+ ]c transients during ischemia in whole hearts using indo-1 fluorescence (19) and aequorin bioluminescence (20) . A broadening ofthe indo-1 fluorescence transient was observed during acute no flow ischemia (19) . However, no attempt was made to quantify these changes or relate them to changes in myocardial relaxation. Furthermore, it may be difficult to assess the relationship between [Ca2"]c transient decline and myocardial relaxation during no flow ischemia, since left ventricular pressure and metabolites are changing rapidly. In contrast, we previously demonstrated that graded reductions of coronary flow (low flow ischemia), produced stable levels of left ventricular pressure, phosphate metabolites, intracellular pH, and indo-1 fluorescence (21, 22) . This suggests that low flow ischemia may be a useful intervention in which to study the relationship between [Ca2+]c decline and myocardial relaxation.
Therefore, the purpose ofthis study was to test the hypothesis that during low flow ischemia, impaired myocardial relax- 
Methods
Isolated heart preparation. Male Sprague-Dawley rats (450-550 g) were anesthetized using 100 mg/kg i.p. ketamine and anticoagulated using 1,000 U/kg i.p. heparin. Hearts were excised and immediately arrested using cold saline containing KCl (20 mM). Hearts were then perfused according to Langendorff at a control perfusion pressure of71 mmHg using Krebs-Henseleit buffer containing the following (mMl): NaCl, 118; KCI, 6.0; CaCl2, 2.5; NaHCO3, 25; MgSO4, 1.2; Na2EDTA, 0.5; glucose, 4; pyruvate, 10; and insulin (20 U/liter). The perfusate was continuously bubbled using a 95% 02/5% CO2 gas mixture and maintained at 370C. Hearts were paced at 300 bpm using a stimulus generator (model SD-5; Grass Instrument Co., Quincy, MA). Coronary flow was measured by collecting the heart effluent. Coronary flow reductions were produced using an in-line flow meter that controlled coronary perfusion pressure (Gilmont Instruments, Barrington, IL).
Left ventricular pressure was measured in two ways. In the first group of hearts (n = 3), left ventricular pressure was measured using a high fidelity micromanometer. A compliant latex balloon was attached to a 2-cm segment of rigid polyethylene tubing that was connected to a Y adapter. One end of the Y adapter was used to advance a 3 French, high fidelity micromanometer (Millar Instruments, Inc., Houston, TX) to the latex balloon. The other end ofthe Y adapter was used to fill the left ventricular balloon with bubble-free water in order to set the end diastolic pressure. The balloon was inserted through the left atrium into the left ventricle. Pressure was recorded on a chart recorder (series 8000; Gould Electronics, Hayward, CA) and also digitized at 3-5 ms intervals by the SLM spectrofluorometer. In this manner, high fidelity micromanometer pressure measurements were obtained in a system that contained water only in the left ventricular balloon and a 2-cm segment of rigid tubing. Because the micromanometer system is large and difficult to insert into the left ventricle, pressure was measured in a second group of hearts (n = 6) using a water-filled system. A 15-cm segment ofrigid polyethylene tubing was connected to a pressure transducer (Trantec; American Edwards Laboratories, Irvine, CA) to form a short, fluid-filled system. As previously noted by other investigators (23), Tp was found to be the same using both the solid-state and fluidfilled systems; left ventricular pressure and rp data were, therefore, grouped together. Left ventricular end-diastolic pressure was set to 10±1 mmHg during control.
Indo-J fluorescence. Fluorescence measurements were performed, as previously described in detail (21, 22, 24) , using a modified spectrofluorometer (model 48000S; SLM Instruments, Inc., Urbana, IL). Briefly, light from a 450-W xenon arc lamp filtered through a 360-nm interference filter was used for excitation. A shutter in front of the excitation light was opened for only seconds at a time during data acquisition to prevent bleaching of indo-1. Emitted fluorescent light was monitored by two photomultiplier tubes preceded by 385 and 456 nm interference filters that have bandwidths of ±5 nm. These wavelengths were chosen because they were found to be isosbestic in regards to tissue light absorption during ischemia (21, 25) and to minimize motion artifact (26).
Hearts were loaded with indo-1 via retrograde coronary perfusion using Krebs-Henseleit buffer containing fetal calf serum (5%) and indo-I acetoxymethyl ester (5 ,uM) (21, 24) .
In a subset of experiments, the fluorescence ratio was calibrated to absolute [Ca2+]c using the method described previously (24) . Briefly, the equation described by Grynkiewicz et al. (28) was used:
where Kd is the indo-1 dissociation constant for calcium in myocytes
(1,000 nM [29] ), Rmin is the ratio at 0 calcium, R,. is the ratio at saturating calcium, S456f/S456b is the ratio of calcium-free and calcium-saturated indo-l fluorescence measured at 456 nm in a heart homogenate, and R is the background-corrected indo-1 fluorescence ratio. The background terms were measured in hearts not loaded with indo-1 during control and low flow ischemia (21 ) .
Ri was determined by subjecting a series ofindo-I-loaded hearts Therefore, after 3 min of low flow fluorescence and left ventricular pressures were digitized during a 1-s period. The heart was exposed to excitation light for only brief periods of time to minimize bleaching of indo-1. A 12-15-min reperfusion period followed each coronary flow reduction. Control measurements were repeated after the reperfusion period. This reperfusion period allowed complete functional and metabolic recovery. Three levels of reduced coronary flow (50, 20, and 10% of control) were studied in a random order. In the subset of experiments used to calibrate indo-1 fluorescence, two levels ofreduced coronary flow (20 and 10% of control) were studied.
Data analysis. Left ventricular pressure and indo-1 fluorescence data (digitized every 3-5 ms by the SLM spectrofluorometer) were stored in a personal computer. All curve fitting was performed using commercially available graphing software (SigmaPlot; Jandel Scientific, Corte Madera, CA).
Tp was calculated assuming monoexponential kinetics. The decline portion ofthe pressure transient starting at minimum dP/dt until minimum left ventricular pressure was used to calculate Tp. However, the final 10% ofthis curve was deleted, since the terminal phase ofpressure decline will be primarily determined by calcium-independent processes (31) . The following equation was fit to the observed data: P(t) = (PO -P.)*exp(-t/Tp) + P., where P is left ventricular pressure, P,, is asymptotic pressure, t is time, and P0 is left ventricular pressure at minimum dP/dt. P,,, was allowed to vary, since this is believed to provide the most accurate description of left ventricular relaxation (2) .
The time constant of indo-1 ratio transient decline (TR) was calculated in a manner analogous to rp. TR was calculated from the decline portion of the fluorescence transient starting at minimum dR/dt and continuing to the end of the transient minus the final 10%. To determine whether the nonlinearity ofthe indo-l response to calcium would Peak systolic and end-diastolic pressures in the left ventricle were 101±5 and 9±1 mmHg, respectively, during control. After loading and washout ofindo-1, peak systolic pressure was 71±5 mmHg; end diastolic pressure was 9±1 mmHg. Therefore, the only hemodynamic effect of loading with indo-1 was to decrease peak systolic pressure by 30±4%. To determine how much of this decrease was caused by the passage of time during indo-1 loading and washout ( 1 h), a group of unloaded hearts (n = 7) was perfused for this period of time. Perfusion for 1 h reduced peak systolic pressure from 108±4 to 100±5 mmHg (a 6±5% decrease). End diastolic pressure was unchanged. Therefore, it is likely that most ofthe decrease in peak systolic pressure after loading with indo-1 was caused by calcium buffering by indo-1.
Peak systolic pressure was reduced to 46±4, 28±5, and 18±2 mmHg when coronary flow was reduced to 50, 20, and 10% of control, respectively (see Table I ). Peak systolic pressure returned to control during the recovery period after each episode of reduced coronary flow. End diastolic pressure did not change during these brief periods of low flow, as has been observed by other investigators (7, 9) . (asymptote) was not 0, the asymptote value was subtracted from each data point. These plots are linear with correlation coefficients of 0.99. This demonstrates that it was reasonable to fit these data to monoexponential functions. respectively (see Table I ). To confirm that the increase of TR during low flow ischemia was reversible with reperfusion, TR was determined before each period of low flow (see "Experimental protocol"). Mean TR was not significantly different during the three control periods (75±6, 73±5, and 78±6 ms; P =NS).
Because the response of the indo-1 fluorescence ratio to calcium is not linear, the changes in TR might differ from changes in TCr [Ca2 ]c was, therefore, calculated in a subset of experiments (n = 8) and TC. was determined using the calibrated transients. Fig. 2, C Fig. 2, A Table I ). However, the pressure data obtained when coronary flow was 20% of control demonstrates that myocardial relaxation was impaired during low flow ischemia. To confirm that the increase of Tp during low flow ischemia was reversible with reperfusion, Tp was determined prior to each period of low flow (see "Experimental protocol"). Mean Tp was not significantly different during the three control periods (34±3, 36±3, and 34±3 ms; P = NS). Time to 50% pressure decline was not calculated, since this index is unreliable when developed pressure changes significantly (2). (10) (11) (12) , large animal models (3), and isolated perfused hearts (7) (8) (9) . However, previous studies in isolated perfused hearts studied only mild reductions of coronary flow to 50% (8) and 33% (7) cline. This suggest that during low flow ischemia, calcium handling may be an important factor in regulating myocardial relaxation. However, the regulation of contraction and relaxation by calcium-dependent processes is a complex process. This is evident by the time delay between corresponding portions of the [Ca2+]c and pressure transients (e.g., peak and nadir). Furthermore, calcium-independent factors may also be important in regulating myocardial relaxation. Previous work (31, 39, 40) suggests that in the absence of myocardial ischemia, cross-bridge dissociation kinetics may be important in determining the relaxation properties of myocardium. Therefore, it is likely that the control of myocardial relaxation involves both calcium-dependent and calcium-independent mechanisms. The current study emphasizes the importance of calcium-dependent processes in causing impaired relaxation during ischemia. However, the effect of ischemia on calciumindependent mechanisms needs to be studied further.
Relationship between diastolic and systolic dysfunction during ischemia. The current study has focused on the mechanisms ofdiastolic dysfunction during ischemia. However, ischemia causes abnormalities of both systolic and diastolic function (i.e., force of contraction and relaxation/filling, respectively). This raises the question of whether the mechanisms that impair systolic and diastolic function may be interrelated. Several lines of experimental evidence suggest that hypoxia and ischemia impair systolic function primarily by reducing myofilament responsiveness to calcium (19) (20) (21) (22) 41 
